Development of alternative linear peptides for targeting αvβ3 integrin has attracted much attention, as the traditional peptide ligand, cyclic RGD, is limited by inferior water-solubility and complex synthesis. Using pharmacophore-based virtual screening and high-throughput molecular docking, we identified two novel linear small peptides RWr and RWrNM with high affinity and specificity to αvβ3 integrin. The competitive binding with cyclic RGD (c(RGDyK)) and cellular uptake related to the integrin expression levels verified their affinity to αvβ3 integrin. The intermolecular interaction measurement and dynamics simulation demonstrated the high binding affinity and stability, especially for RWrNM. In vivo peptide-guided tumor imaging and targeted therapy further confirmed their specificity. Results indicated that the newly identified small linear peptide RWrNM, with high affinity and specificity to αvβ3 integrin, better water-solubility, and simplified synthetic process, could overcome limitations of the current cyclic RGD peptides, paving the way for diverse use in diagnosis and therapy.
Introduction
αvβ3 integrin, a receptor for vitronectin, is one of the integrin family members consisting of dimeric alpha v and beta 3 subunits [1, 2] . The αvβ3 integrin mediates the intravasation and extravasation of tumor cells and has been implicated in the malignant spread of some tumor cell types such as breast cancer and glioblastoma [3, 4] . Therefore, the dimeric αvβ3 integrin has become an essential molecular target for early cancer diagnosis and intervention [5, 6] .
Selective tumor targeting in vivo can be achieved by monoclonal antibodies [7, 8] , which specifically bind to target receptors. However, most antibodies are immunogenic and have long plasma half-life rendering them suboptimal for molecular imaging [9, 10] . Small peptides and biomolecules are therefore preferred for biological imaging because of their low immunogenicity, reduced barriers to topical delivery, high affinity and selectivity for receptors, and desirable pharmacokinetic properties.
Cyclic RGD peptides are small molecules that bind αvβ3 integrin with high affinity. For this reason, a variety of RGD containing peptides has been developed for targeting tumor-induced angiogenic blood vessels or tumor-associated integrin. Conjugation of these peptides to imaging agents or drugs affords bioactive molecules for cancer imaging [11, 12] and targeted therapy [13] , respectively. However, the cyclic RGD structure requires complicated peptide synthesis leading to increase in production cost and difficulty in quality control. Also, recent studies have demonstrated the strong binding affinity of RGD-containing peptides not only to αvβ3
Ivyspring International Publisher integrin receptor but also to αvβ5 and α5β1 integrins [14, 15] . Therefore, efforts to develop alternative small linear peptides with similar or even higher affinity and specificity to αvβ3 integrin than cyclic RGD motif peptide have attracted much attention.
Computer-assisted virtual screening [16, 17, 18 ] is an effective method for drug discovery of small molecules with binding affinity to target receptors [19, 20, 21] . Structure-based pharmacophore strategy has been successfully used to screen small molecule leading compounds in drug development [22, 23] . Molecular docking and dynamic simulation are also considered practical methods to analyze the intermolecular interaction and explain the binding affinity and stability [24, 25] . Therefore, the combination of pharmacophore models with molecular docking will render more efficient hits. Although the compounds obtained from virtual screening have the potential specificity for the targets, it is necessary to confirm the feasibility of this approach by in vitro and in vivo experiments.
In this study, we have integrated structure-based pharmacophore method with molecular docking to screen the linear bioactive peptides for identifying αvβ3 integrin. Two novel small linear peptides (RWr, RWrNM) were selected with strong molecular interactions with αvβ3 integrin. To evaluate the affinity of these two peptides to αvβ3, cell lines with different expression levels of αvβ3 were cultured with fluorescence dye-labeled RWr and RWrNM. Confocal imaging and flow cytometry were used to identify their affinity and specificity to αvβ3. Microscale thermophoresis (MST) was performed to quantify affinity of both peptides to αvβ3 integrin. Furthermore, the effects of RWrNM and RWr on cell migration, angiogenesis, and downstream signaling pathways of αvβ3 were investigated. The tumor targeting ability and the therapeutic efficacy of peptide conjugates were further studied.
Results

Molecular dynamics of docking conformation and binding affinity
We identified two novel linear peptides, RWr and RWrNM, by using structure-based pharmacophore method integrated with molecular docking that had the highest docking score and potentially high binding affinity with αvβ3 integrin. The integrin-peptide binding modes were visualized through the docking interaction and compared with the well-established αvβ3-targeting cyclic peptide, c(RGDyK) ( Figure 1A ). The interaction diagrams indicated that the amino acids of αvβ3 protein interacted with the peptides and different ligands formed different interaction bonds. The bonding interactions between the peptides and integrin were in the following order: RWrNM (15) > c(RGDyK) (10) > RWr (7) implying potentially higher affinity of RWrNM than that of c(RGDyK). We also analyzed the molecular stability of the three peptides with integrin. As displayed in Figure 1B , molecular interactions between the integrin receptor and peptides were unstable in the initial 15 ns. Subsequently, the interactions were smooth and constant. The interaction energy between RWrNM and αvβ3 integrin was slightly lower than that of c(RGDyK), implying more stable binding of RWrNM to αvβ3 than to RWr and c(RGDyK). The stable interaction conformations of these three peptides to αvβ3 integrin at 20ns were also output ( Figure S1 ). Interestingly, like c(RGDyK), RWrNM peptide exhibited a similar cyclic structure in the stable conformation. These findings encouraged us to further investigate the binding affinity of the new peptides, especially RWrNM.
Although the peptides obtained from the virtual screening have the potential targeting capability for αvβ3 integrin, it was necessary to obtain experimental confirmation.
The screened peptides were synthesized and purified as proved by their mass spectra and high-performance liquid chromatography ( Figure S2 ). MicroScale Thermophoresis (MST) was applied to determine the affinity of αvβ3 integrin to RWr, RWrNM and c(RGDyK) ( Figure 1C ). The sigmoidal binding curves were fitted to yield the Kd values of RWr, RWrNM and c(RGDyK) as 33.6±4.56 nM, 8.61±1.35 nM, and 10.3±1.14 nM, respectively, which confirmed the strong affinity of RWrNM for integrin and was in agreement with the molecular docking results.
Uptake of the peptides by different tumor cells
Since the conformation of integrin, when it is integrated in the cell surface membrane, may be different from that of the free molecule, we evaluated the binding ability of the peptides with αvβ3 integrin at the cellular level. As shown in Figure 2A , the fluorescence RhB-labeled peptides were taken up byU87MG tumor cells, which highly express αvβ3, with the bright fluorescence displayed in the cytoplasm after 2 hours of incubation; no fluorescence was observed when free RhB was incubated with U87MG cells. Longer incubation (4 hours) did not increase the cellular uptake of these peptides which made 2 hours the appropriate time point for cell imaging. Specifically, RWrNM-RhB resulted in the most abundant cellular accumulation, followed by c(RGDyK)-RhB and RWr-RhB. To confirm the binding of the peptides to αvβ3 receptors on tumor cell membranes, blocking experiment was carried out with U87MG cells pre-incubated with αvβ3 standard ligand c(RGDyK). No fluorescence signal was observed indicating that c(RGDyK) occupied the receptors mediating the uptake of RWr and RWrNM. This suggested that both linear peptides bind to the same cell membrane receptor αvβ3 as the well-established peptide c(RGDyK). The semi-quantitative analysis of the cellular uptake imaging gave a more direct comparison of the fluorescence intensities ( Figure 2C ) with the order of RWrNM > c(RGDyK) > RWr. Similar results were observed in the MDA-MB-231 cell line with high expression of αvβ3 ( Figure S3 ). When a control RhB-labeled peptide (NWMrR) with scrambled sequence was evaluated, only weak fluorescence was observed in U87MG cells during the 4h incubation ( Figure S4) . Also, the blocking experiment using c(RGDyK) had no influence on the cellular uptake of the control peptide. These data further proved the high binding affinity and specificity of the screened peptides to αvβ3.
To confirm that the cell affinity of the new peptides correlated with the expression of αvβ3 integrin, five cell lines with different levels of αvβ3 integrin expression were used. The αvβ3 integrin expression in U87MG, MDA-MB-231, A549, HepG2 and L02 cells were measured by Western blotting ( Figure S5) ; the expression levels were in the order of U87MG > MDA-MB-231 > A549 > HepG2 > L02 cells. After 2h incubation, the three peptides groups showed a gradient decrease in fluorescence from U87MG to L02 cells ( Figure 2B ). Only weak fluorescence could be detected in HepG2 cells and no signal was found in normal cells, L02. Figure 2D shows a good linear fitting (R 2 >0.9) between the fluorescence intensity of RWrNM-RhB, c(RGDyK)-RhB and RWr-RhB and relative αvβ3 expressions in the tumor cell lines. These findings revealed that the new peptides, RWrNM and RWr could be specifically internalized by tumor cells mediated through αvβ3 integrin and a higher integrin level resulted in greater cellular accumulation. More importantly, RWrNM demonstrated a slightly stronger affinity to tumor cells than that of c(RGDyK) which motivated us to further investigate its properties. 
Binding affinities of the peptides to tumor cells
Quantitative analysis of the binding affinity of the peptides to U87MG, MDA-MB-231, A549, HepG2 and L02 cell lines was performed by flow cytometry following incubation with different peptide concentrations ( Figure 3A ). Based on the mean fluorescence curves, the KD values were calculated. The KD values of RWr binding to U87MG cells, MDA-MB-231 and A549 cells were much higher than that of RWrNM and c(RGDyK), indicating a higher binding level of RWrNM and c(RGDyK). On the contrary, no binding was observed with HepG2 and L02 cells that barely express αvβ3 integrin confirming the ability of RWr and RWrNM to selectively bind to cells with high αvβ3 expression.
The affinity of RWr and RWrNM to αvβ3 integrin receptor was further quantified by competitive binding analysis. The RhB-labeled c(RGDyK) was incubated with the cells followed by the addition of different concentrations of free RWr, RWrNM and c(RGDyK) peptides ( Figure 3B ). As the concentration of the peptides increased, the relative fluorescence intensity of U87MG cells or MDA-MB-231 cells treated with RhB-c(RGDyK) decreased in a biphasic mode. The IC50 values were determined by nonlinear regression fitting using GraphPad Prism software. In both U87MG and MDA-MB-231 cells, RWrNM demonstrated the lowest IC50 values compared to c(RGDyK) and RWr indicating the strong affinity of RWrNM for integrin.
To exclude the possibility that αvβ5 and α5β1
receptors may be involved in the interaction with RWrNM, monoclonal antibody (mAbs) against αvβ5 and α5β1 integrins were used to prove the specificity of RWrNM to αvβ3 integrin. As shown in Figure S6 , compared with c(RGDyK), the pre-incubation of mAbs against αvβ5 and α5β1 integrins did not cause a significant reduction in the cellular uptake of RWrNM in U87MG cells verifying the specificity of RWrNM to αvβ3 integrin.
Effects of peptides on tumor cell migration and angiogenesis
Having verified the strong affinity of RWrNM to αvβ3 integrin, we investigated whether RWrNM could exert similar biological effects as c(RGDyK) on various cellular functions, including migration, invasion, and adhesion, which are closely associated with integrin [26, 27, 28] . The presence of RWrNM, RWr, and c(RGDyK) caused an obvious decrease in cell migration compared with the controls ( Figure 4A , Figure S7 ). The quantification of the cells crossing the transwell membrane was plotted as shown in Figure  4C . No significant difference existed between the three peptides, although RWrNM displayed a slightly stronger inhibitory effect on cell migration than that of c(RGDyK) and RWr. The migration rates of U87MG and MDA-MB-231 cells displayed an obvious decrease after incubation with RWrNM while the migration of HepG2 and L02 cells only marginally decreased, possibly as a result of low expression of αvβ3 integrin that mediates cell binding of the peptide. In contrast, the anticancer drug PTX and Sunitinib demonstrated their strong inhibition on cell migration in all experimental cell lines with no selectivity for tumor cell lines. We then evaluated the ability of the peptides to block tumor cell invasiveness, an important factor for angiogenesis. RWrNM showed a similar anti-invasiveness effect as RWr and c(RGDyK) ( Figure 4B , Figure S8 ). The quantification of cell invasion rate was also plotted ( Figure 4D ) with the invasion rates above 60% for all peptides indicating the weak effect of the peptides on cell invasion. As cell adhesion is closely related to the αvβ3 integrin, the effects of peptides on the cell adhesion were also investigated and displayed in Figure 4E . Similar to the results of cell migration, the peptides demonstrated inhibitory effects on cell adhesion with apparent selectivity. The effects of these peptides on angiogenesis were also studied by using chick chorioallantoic membrane (CAM) model.
Compared to the saline control, all three peptides could inhibit angiogenesis to some extent ( Figure 4F ). The quantification of vessels within the experimental region showed that RWrNM had a slightly higher inhibitory effect than RWr and c(RGDyK) peptides.
Given the results from above experiments, we hypothesize that RWrNM shared the same underlying molecular mechanisms with c(RGDyK) after binding with αvβ3 integrin. It is well-known that αvβ3 integrin directly acts on the FAK protein and impacts the downstream PI3K and Ras signaling pathways [29, 30, 31] . Accordingly, Western blot analysis showed that both RWrNM and c(RGDyK) decreased the levels of p-FAK, p-PI3K, and p-Ras proteins ( Figure 4G ). These results confirmed that RWrNM, by binding to αvβ3 integrin, was functionally equivalent or stronger than c(RGDyK) and acted on same signaling pathways. 
In vivo tumor targeting ability of peptides
The exceptionally superior affinity of RWrNM to avβ3 motivated us to explore whether this peptide can be used for in vivo tumor targeting as the widely applied c(RGDyK). To this end, RWrNM together with RWr and c(RGDyK) were conjugated with the near infrared fluorescence dye ICG derivative to form tumor targeting probes. In mice bearing two U87MG tumors in the bilateral symmetry axilla, the fluorescence was distributed throughout the body at 10min post injection of free ICG and peptide-ICG conjugates ( Figure 5A ). Free ICG treatment didn't cause any tumor retention and the fluorescence diminished after 6 hours and undetectable after 12 hours. In contrast, RWr, c(RGDyK) and RWrNM groups showed obvious signal in the symmetry tumors at 6h when the fluorescence in other parts of the body had gradually decreased. In particular, the most prominent tumor fluorescence was found in mice injected with c(RGDyK)-ICG and RWrNM-ICG. For the in vivo imaging, the tumor/normal tissue ratio (T/N ratio) was plotted against each time point. The most intense fluorescence was observed in the RWrNM group at 12h post injection, which was still present in the two bilateral tumors at 48h. In contrast, none of these peptides showed targeting ability to HepG2 tumors with low αvβ3 integrin expression implanted in the bilateral symmetry axilla of mice as displayed in Figure 5B . To further verify the selective targeting ability of peptides to tumors overexpressing αvβ3, HepG2, and U87MG were implanted respectively in the bilateral symmetry axilla of the subject mice. As displayed in Figure 5C , only U87MG tumors at the right site showed bright fluorescence while the HepG2 tumors at the left site showed nearly no fluorescence after 6h post-injection. Also, RWrNM resulted in the strongest peak signal followed by c(RGDyK) and RWr. This in vivo imaging was consistent with the cellular uptake data indicating the selective targeting ability of RWr and RWrNM to tumors with high expression of αvβ3 integrin. The results were further confirmed by the fluorescence imaging of the tumors harvested from the mice (inset). It is of note that RWrNM led to a more distinct tumor fluorescence than c(RGDyK) in U87MG tumors. The superior tumor targeting ability of RWrNM was most probably caused by the stronger affinity to αvβ3 integrin as evidenced by the MST assay above. Also, liquid chromatography showed satisfying serum stability of the three peptides in 24 hours ( Figure S9 ). Collectively, these lines of evidence strongly suggested that RWrNM can be used as an in vivo tumor targeting probe with strong tumor affinity.
Improved therapeutic efficacy of Dox by RWrNM conjugation
Based on the successful validation of the in vivo targeting efficacy, we next investigated whether conjugation of RWrNM to the chemotherapeutic drug doxorubicin (Dox) could enhance therapeutic efficacy due to improved tumor targeting ability. The peptide-Dox conjugate was synthesized and purified as shown by its mass spectrum and high-performance liquid chromatography ( Figure S10 ). Various conjugates were administrated into mice bearing U87MG tumors and tumor volume, animal weight and survival rate monitored during the 15-day treatment. Most notably, the RWrNM-Dox conjugate led to the longest delay in tumor growth ( Figure 6A , 6B). Obvious tumor shrinkage was also observed in mice treated with c(RGDyK)-Dox, but to a lesser extent than RWrNM-Dox. Treatment with RWr-Dox resulted in a moderate improvement of tumor inhibition than free Dox, most likely due to the insufficient affinity to αvβ3 integrin. Although no significant changes in body weights were observed during treatment in these groups, the free Dox group showed a continual decrease in body weight ( Figure  6C) . The toxicity and the lowest body weight led to the lowest survival rate in the free Dox group ( Figure  6D ). The survival rate of mice in different groups is displayed in Figure 6D . Compared to the control group, which showed a survival rate of 50% on day 15, RWrNM-Dox treatment resulted in the highest survival rate of 90%. Histopathology analysis was carried out to further examine the toxicity in tumors and other organs ( Figure 6E ). Free Dox treatment induced a certain degree of cell apoptosis in tumor tissues, but obvious cardiotoxicity and hepatotoxicity were also observed. However, such toxicity was significantly alleviated when Dox was conjugated with RWrNM or c(RGDyK). To verify that the inhibition of tumor growth and toxicity to normal tissues were indeed due to the cytotoxicity of Dox accumulation, the tissue samples were excised and examined by laser confocal microscopy ( Figure 6F ). The free Dox treatment resulted in a widespread distribution of Dox fluorescence in the tumor, heart and liver tissues explaining high systematic toxicity and reduced tumor inhibition. As anticipated, c(RGDyK)-or RWrNM-conjugated Dox showed nearly no Dox signal in normal organs while a prominent fluorescence signal was detected in the tumors.
We further evaluated the treatment response to different Dox conjugates in mice bearing low αvβ3 integrin-expressing HepG2-tumors ( Figure S11 ). Compared with free Dox, the Dox conjugates resulted in no significant improvement in tumor inhibition and survival of the mice. The cell viability assay of peptide-Dox conjugates was also evaluated by using U87MG and HepG2 cell lines ( Figure S12) . The U87MG cells with high αvβ3 expression were more sensitive to peptide-Dox conjugates than the free Dox at the same drug concentration.
Taken together, the improved therapeutic outcome in tumors with high αvβ3 integrin expression demonstrates the superior tumor targeting ability and selectivity of RWrNM, which can potentially serve as a new targeting moiety to enhance the efficacy of current anti-tumor drugs.
Discussion
The αvβ3 integrin is considered to be an established therapeutic target for the treatment of a variety of tumors [32, 33, 34] . Cyclic RGD peptide is the well-known ligand to αvβ3 and has been extensively exploited for tumor diagnosis and treatment [35, 36, 37] . However, the complexity and high-cost of synthesizing cyclic peptides stipulate the development of alternative ligands for targeting αvβ3 integrin.
In this study, we have identified two novel linear small peptides, RWr and RWrNM. Their binding affinities were validated in different tumor cell lines exhibiting a positive correlation with αvβ3 integrin expression levels. The blocking experiments and competitive binding by c(RGDyK) confirmed the same targeting receptor for RWr and RWrNM as that of c(RGDyK). Importantly, RWrNM demonstrated a relatively higher binding ability to tumor cells than that of c(RGDyK) with lower IC50 to αvβ3 integrin over-expressing tumor cells (U87MG and MDA-MB-231). Quantitative measurement by MST also indicated that linear RWrNM had a slightly higher affinity to αvβ3 integrin than c(RGDyK). The in silico configuration analysis revealed that the high affinity of RWrNM to αvβ3 integrin was due to increased number of bonding interactions. Interestingly, the stable interaction conformation revealed that RWrNM formed a cyclic structure while interacting with αvβ3 integrin explaining its high affinity and stability. Compared with cyclic RGD peptide with strong binding affinity to αvβ3 as well as αvβ5 and α5β1 integrins, RWrNM exhibited high specificity to αvβ3 integrin. This was evident by the fact that pre-incubation of mAbs against αvβ5 and α5β1 integrins did not cause a significant reduction in the cellular uptake of RWrNM in U87MG cells.
Another significant feature of RWrNM is that it has more hydrophilic groups than c(RGDyK). The hydrophobic constants (CLogP value: RWr of -6.4483, RWrNM of -5.01828 and c(RGDyK) of -4.31882) generated by structural analysis proved the superior water solubility of RWrNM compared to c(RGDyK). Tumor targeting ligands that possess excellent water solubility are quite appealing for unlocking the full therapeutic potential of hydrophobic small molecule cancer drugs and overcoming the recurring problems of poor solubility, sub-optimal pharmacokinetics (PK), and low bioavailability. Therefore, RWrNM is a promising ligand for improving druggability, especially for the hydrophobic anticancer drugs.
These superior features of RWrNM motivated us to first investigate its in vivo tumor targeting ability.
The in vivo fluorescent imaging demonstrated stronger tumor targeting ability of RWrNM, suggesting that it may serve as a versatile tumor targeting ligand with better efficacy and easier preparation. Finally, the conjugate of RWrNM to Dox was found to enhance the tumor inhibition efficiency and reduce the cardiac toxicity and hepatic toxicity of Dox.
In summary, RWrNM demonstrated strong interaction with αvβ3 integrin and improved tumor targeting ability and may serve as a new candidate for cancer identification and targeted therapy. Furthermore, the linear small peptide RWrNM could be synthesized by a relatively simple process facilitating the large scale production and decreasing its production cost and difficulty for quality control. Therefore, RWrNM could potentially substitute cyclic RGD for tumor identification and targeted therapy.
Materials and Methods
Computer-assisted virtual screening of high-affinity peptide
We used a Receptor-Ligand Pharmacophore Generation protocol (default parameters, DS software) to generate structure-based pharmacophore models derived from the crystal complexes of both integrin ανβ3 and the RGD peptide [38] . The protocol for generating the pharmacophore models is as follows: First, a set of features from the binding ligand was identified. A series of pharmacophore models were rendered based on the active sites in the αvβ3 integrin-RGD complex. The pharmacophore scores of all models were ranked and the model with the highest score was selected for further ligand screening. To this end, the pharmacophore models were enumerated and selectivity was estimated based on a Genetic Function Approximation (GFA) model, which was built from a training set of 1544 pharmacophore models. This set was then used to search the Drug-like Diverse database in Discovery Studio (DS), where the logarithmic values of the database search hits were used as our targets. Finally, the top model was screened against a 90,000,000-peptide database. The retrieved hits were further sorted through the use of filters (such as the maximum fit value of the pharmacophore model from the structure-based model) and then subjected to a molecular docking process.
The crystal structure of the extracellular segment of αvβ3 integrin when complexed with the RGD ligand (PDB ID: 1L5G) was downloaded from the Protein Data Bank (PDB). The ligand binds at the major interface between the αv and β3 subunits, making extensive contact with both. A LibDock docking algorithm and scoring function (LigScorel, LigScore2, PLP1, PLP2, Jain, PMF, PMF04) of the DS software were then used to perform the docking of αvβ3 integrin. The preprocessing of αvβ3 integrin receptor as well as all structures from earlier retrieved hits were performed according to the docking program's recommended protocols. The LibDock methodology effectively executed the docking in a high-throughput manner while maintaining the structural rigidity of αvβ3 integrin. Finally, we calculated the binding energies of the ligand-receptor interactions as well as the Libscore values for various ligand-receptor interactions.
Molecular docking and interaction analysis
Docking was performed to study the affinity of peptide and protein. We obtained ligand structure from the chemBioDraw software and protein structure (PDB ID: 1L5G) from Protein Data Bank (http://www.rcsb.org/). The peptide structures were generated and minimized using In Situ Ligand Minimization protocol of Discovery Studio v3.0 (Accelrys, San Diego,USA) [39] . The active site was defined with a 10 Å radius around the bound ligand in the crystal structure of αvβ3 integrin. The minimized structures were docked using the Dock Ligands Protocol of Discovery Studio v3.0 with CDOCKER algorithms to get the best docking conformations. Molecular docking was calculated by using 2000 Maximum Bad Orientations and 600 Orientation vdW Energy Threshold. The best poses were prioritized by cdocker_interaction_energy scoring.
Molecular dynamics simulation and output analysis
The best conformation and binding energy of the protein-ligand complex were used for the molecular dynamics (MD) simulation analysis [40] . MD simulation was performed with the GROMACS-5.0.7 package at GROMOS 96 43a1 force field (Van Gunsteren et al. 1996) in dodecahedron box of a simple point charge. Ligand topology was generated by PRODRG2 Server. Three Cl-ions were added in solvent molecules to attain system neutrality. Energy minimization was carried out with the steepest descent of 50,000 steps. To extend the equilibrium, the system was subjected to position-restrained dynamic simulation (NVT and NPT) with 50,000 steps at 300 K temperature. Finally, MD was performed at 300 K temperature for 20 ns.
The GROMACS output can be achieved in the form of trajecory files. These trajectory files were further investigated using root mean square deviation (gmx rms), root mean square fluctuation (gmx rmsf), and hydrogen bond (gmx hbond). Graphs were plotted using xmgrace. The electrostatic interaction energy and van der Waals interaction energy were generated by calculations with MD restart (mdrun -rerun).
Microscale thermophoresis assay
The peptides were dissolved in sterile water and diluted into 14 gradients of concentration (2000, 1000, 500, 250, 125, 62.5, 31.25, 15.625, 7.812, 3.906, 1.953, 0.976, 0.488 and 0.244 nM). The αvβ3 integrin was labeled with Protein Labeling Kit BLUE according to the protocol. The fluorescence-labelled avb3 integrin was mixed with peptides solution in 14 concentration gradients at 1:1 ratio, followed by 30 minutes incubation. The capillaries (Cat#K002, NanoTemper) were used to draw the mixed solutions from the 14 tubes, which were then loaded with the order of declining peptides concentration. Pre-scanning was performed to ensure the fluorescent intensities in the 14 tubes were equal. Subsequently, MST binding curves were measured for 3 times and the Kd values were calculated according to the following formulation: f(c)=unbound + (bound -unbound)/2 * (FluoConc + c + Kd -Sqrt ((FluoConc + c + Kd)^2 -4 * FluoConc *c) [41] .
Cell culture
Human tumor cell lines including breast cancer (MDA-MB-231), malignant glioma (U87MG), hepatocellular carcinoma (HepG2), and lung cancer (A549) as well as Human normal liver cells (L02) were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). U87MG, MDA-MB-231, A549 and HepG2 cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 10% fetal calf serum (FBS, Gibco), penicillin (100 µg/mL), and streptomycin (100 µg/mL). L02 cells were maintained in RPMI1640 medium (Invitrogen) supplemented with 10% fetal calf serum (FBS, Gibco), penicillin (100 µg/mL), and streptomycin (100 µg/mL) [42] .
Dye-labeling of peptide candidates
The screened peptides were synthesized and labeled with visible dye Rhodamine B by Karebay Biochem Ltd Ningbo, China. Free peptides were conjugated with near infrared fluorescence dye ICG derivative (ICG-Der-02, prepared in our laboratory) to investigate in vivo tumor targeting. Briefly, 9.97mg of ICG-Der-02, 2.88mg of EDC•HCl (1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride), and 1.73 mg of NHS (N-Hydroxysulfosuccinimide sodium salt) were dissolved in 0.5mL deionized water by stirring at room temperature followed by reaction in the dark for 4 h. The solution was then stirred with RWr, RGD, c(RGDyK) and RWrNM (0.01 mmol) dissolved in PBS. The reaction mixture was stirred at room temperature overnight. The crude mixture was filtered and the solution was concentrated by passing through Sephadex G-25 gel filtration [43] .
Cell integrin receptor binding assay
Confocal microscopy was used to visualize the targeting ability of RWr, RWrNM, RGD and c(RGDyK) probes to tumor cells. MDA-MB-231, U87MG, HepG2, A549 and L02 cell lines were used due to their different levels of αvβ3 integrin expression. Cells were seeded on confocal Petri dishes at a density of 3×10 5 cells per well and incubated for 24 hours allowing for cell attachment. To observe the cellular uptake at different time points, peptide-RhB conjugates were added in the culture medium and incubated for different incubation times (0.5, 1, 2 and 4 h). After incubation, cells were washed three times with PBS (pH 7.4) and imaged using laser confocal microscopy. Cellular uptake (2h) of RWr, RWrNM, RGD and c(RGDyK) probes were quantified [44] .
Binding assay of peptide candidates to αvβ3 integrin receptor
Glioblastoma cells U87MG and breast cancer cells MDA-MB-231 with high αvβ3 integrin expression were used for binding experiments. Cells were seeded in 6-well plates at a density about 10 6 cells per well with 2 mL of culture medium at 37 °C for 24 h. After 24 hours of cultivation, the medium was replaced by 1 mL fresh medium (without FCS) containing RhB-peptides (10μM) and incubated at 37°C. After 2 h, the medium was removed to stop the incubation and the cells were washed twice with PBS (pH 7.4) to remove the unbound peptides. Then, the cells were scrapped from the wells using a manual scrapper, transferred to centrifuge tubes (1.5 ml), and centrifuged at 1000 rpm for 5 min. The cells were re-suspended in PBS buffer (pH 7.4) for flow cytometry analysis [45] .
Competitive binding curves analysis.
RhB-labeled c(RGDyK) were used to determine the binding affinities of RWr, RWrNM, and c(RGDyK) peptides to surface αvβ3 integrin in U87MG and MDA-MB-231 cell lines. Briefly, U87MG and MDA-MB-231 cells were harvested, washed three times with PBS, and re-suspended in PBS (pH 7.4, 5×10 6 cells/mL). Six-well plates were incubated with RhB-labeled c(RGDyK) (1000 nM/well) in the presence of increasing concentrations of different free RWr, RWrNM, and c(RGDyK) peptide. Cells were then incubated for 2 h at room temperature before being washed three times with PBS (pH 7.4). Cells were transferred to centrifuge tubes and centrifuged at 1000 rpm for 5 min. The resulting pellet was re-suspended in PBS (pH 7.4) and then transferred to flow cytometry tubes for analysis. All experiments were carried out in triplicate. The best-fit IC50 values for the U87MG and MDA-MB-231 cells were calculated by fitting the data with a nonlinear regression using GraphPad Prism (GraphPad Software, Inc., San Diego, CA) [46] .
Cell migration assay
Different cell lines (U87MG, MDA-MB-231, HepG2, and L02) were cultured in the 6-well plates with a cell density of about 60-70% and incubated with peptides (40μM) for 24 h. Subsequently, the cells were digested and plated in the upper chamber (100 μL; 5×105 cells), with three parallel chambers. 600μl DMEM+10% FBS was added to the lower chamber and cells were cultured for 12 hours. The unattached cells were removed from the microporous membrane with a cotton swab. The lower surface of the membrane was fixed with methanol for 30 min at room temperature, stained with 0.1% crystal violet for 30min, and then photographed. 33% glacial acetic acid was added to 96-well plates and then the OD values at 570 nm were detected. Migration rate was calculated as % migration = (experiment group OD570/ control group OD570) * 100% [47] .
Chick chorioallantoic membrane model experiment
Chick embryos of 4 days old were purchased from Qian Yuan Hao biotech (Ningbo, China). The drug samples were prepared by adding 20μL of 40uM peptide solutions or 20μL positive drug solution on filter papers. After locating the areas with rich vasculature, these areas were covered with the filter papers. Fixation was performed 3 days after incubation for 15 minutes. The papers were removed gently and the chick embryos were imaged and the vessel numbers were recorded [48] .
Western blot analysis
Analysis of various enzymes and their phosphorylated derivatives, FAK, PI3K, Ras, p-FAK, p-PI3K and p-Ras, was performed using Western blotting. After treatment with free RWr, RWrNM, and c(RGDyK) (64μg /mL) for 48 h, cells were lysed and equal amounts of cell lysates (50 μg of protein) were loaded and separated by SDS-PAGE on 8−12% SDS-polyacrylamide gels before being transferred to nitrocellulose membranes. Membranes were incubated with Tris-buffered saline containing 1% (w/v) nonfat milk and 0.1% (v/v) Tween-20 for 1 h to block non-specific binding, washed with Tween-20 for 30 min, and incubated with appropriate primary antibodies for 2 h. Blots were then incubated with horseradish-peroxidase-conjugated second antibody for 1 h, developed using enhanced chemiluminescence, imaged using G: BOX chemiXR5 and analyzed for gray using the Gel-Pro32 software.
β-actin was used as an internal control to guarantee the uniformity of equally loaded proteins among all groups [49] .
Animal experiments
Animals were treated in accordance with the Guidance Suggestions for the Care and Use of Laboratory Animals. 6-7-week old female nude mice were maintained under aseptic conditions in a small animal isolator and were housed in standard cages with free access to food and water. All animals acclimated to the animal facility for at least 7 days before experimentation. For the tumor xenograft model, female nude mice were subcutaneously inoculated with 1 × 10 7 U87MG and HepG2 cells in the bilateral axillary fossa under aseptic conditions. When the size of tumors reached ~100 mm3, the mice were used for therapeutic experiments and imaged by near-infrared (NIR) fluorescence imaging. A vernier caliper was used to monitor tumor size over time [50] .
In vivo antitumor studies
On day 7 post-tumor cell implantation, U87MG tumor-bearing nude mice were divided into five groups, each consisting of 10 mice. Saline, Dox (Sigma-Aldrich), RWr-Dox, c(RGDyK)-Dox or RWrNM-Dox (Karebay Biochem, Ltd Ningbo, China) were intravenously injected into the tail vein every other day for a total of 7 doses. Each dose was equivalent to 5mg/kg of Dox. The body weight and tumor size of each mouse were measured. The volume was calculated as follows: V = (π/6 * longest diameter* perpendicular diameter2). After treatment, the mice were euthanized, the organs and tumors were collected and fixed in 10% neutral buffered formalin, embedded in paraffin blocks for H&E staining, and visualized using an optical microscope. To investigate drug distribution, histological sections were analyzed using CLSM [51] .
Conjugation of peptide to doxorubicin
For the synthesis of RWrNM-Dox, 5 mL dry dimethylformamide (DMF) was placed into a 25 mL three-necked flask equipped with a magnetic stirrer and a 20 mL dropping funnel. This flask was immersed in an ice bath for 15 min. RWrNM (50 mg, 0.038 mmol) and triethylamine (4.5 mg, 0.045 mmol) were added to the flask under N2 atmosphere. After dissolving completely, 4-Nitrophenyl chloroformate (9.1 mg, 0.045 mmol) was added to the flask dropwise. The resulting mixture was allowed to stir at room temperature for 24 h and then filtered to remove the byproduct. The crude organic solution was concentrated, and purified by silica gel column. The product was dried under vacuum at 35 °C overnight.
The activated RWrNM (RWrNM-NC, 30 mg) was dissolved in 5 mL DMF and then reacted with hydrazine (0.3 mL) in nitrogen at RT for 24 h. The product was obtained by concentration and purified by silica gel column. The crude product was dried under vacuum at 35 °C overnight. RWrNM-hydrazine (5 mg) and DOX·HCl (20 mg) were dissolved in 5 mL DMSO. After stirring for 5 min, a drop of trifluoroacetic acid was added into the flask. Then, the mixture was allowed to react in the dark for 48 h at room temperature. The crude product was purified by silica gel column.
The procedure for the synthesis of RWr-DOX was similar to the one for RWrNM-Dox except changing the amount of feeding.
Statistical analyses
Statistical analyses were performed with Prism software (GraphPad). P values of <0.05 (*) were considered significant. All error bars represent ± s.e.m. unless otherwise noted. No samples or animals were excluded from analyses.
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